Oxygen isotopic composition of our Solar System is believed to have resulted from mixing of two isotopically distinct nebular reservoirs, 16 O-rich and 17,18 O-rich relative to the Earth. The nature and composition of the 17,18 O-rich reservoir are poorly constrained. We report an in situ discovery of a chemically and isotopically unique material distributed ubiquitously in fine-grained matrix of a primitive carbonaceous chondrite Acfer 094. This material formed by oxidation of Fe,Ni-metal and sulfides by water either in the solar nebula or on a planetecimal. Oxygen isotopic composition of this material indicates that the water was highly enriched in 17 O and 18 O (δ 17,18 O SMOW =+180‰), providing the first evidence for an extremely 17,18 O-rich reservoir in the early Solar System.
Text
Oxygen isotopic variations in chondrites provide important constraints on the origin and early evolution of the Solar System (1). Oxygen isotope ratios in chondrites change not only by mass-dependent isotope fractionation law (isotope fractionation depending on mass differences among isotopes), but also by large mass-independent isotope fractionation (MIF) that keeps 17 O/ 18 O ratio nearly constant. It is generally accepted that MIF recorded by meteorites resulted from mixing of two isotopically distinct nebular reservoirs, 16 O-rich and 17, 18 O-rich (2) . The composition of the 16 O-rich reservoir has been recently constrained from isotopic compositions of nebular condensates (3) and of a unique chondrule (4) . The nature and composition of an 17, 18 O-rich nebular reservoir are still poorly constrained (5, 6) . According to the currently favorite self-shielding models (7) (8) (9) (10) (11) , nebular water is hypothesized to have been highly enriched in 17, 18 O (5-20%) relative to the Earth, which is, however, yet to be verified by isotope measurements. Here we report an in situ discovery of a chemically and isotopically unique material in the primitive carbonaceous chondrite Acfer 094. This material is mainly composed of iron, oxygen, and sulfur, and is highly enriched in 17 O and 18 O (up to +18%) relative to the Earth's ocean. Mineralogical observations and thermodynamic analysis suggest that this material resulted from oxidation of iron-metal and/or iron-sulfide by water in the solar nebula or on a planetesimal. We infer that the extreme oxygen isotopic composition of this material recorded composition of this primordial water, that corresponds to an 17, 18 O-rich nebular reservoir in the early Solar System, in agreement with the self-shielding models (7) (8) (9) (10) (11) (12) .
During our on-going in situ survey (13) (14) (15) (16) of presolar grains of primitive meteorites (17), we discovered isotopically anomalous regions of oxygen in matrix of the ungrouped carbonaceous chondrite Acfer 094 in addition to isotopically anomalous spots corresponding to presolar grains (Fig. 1) . The oxygen isotopic compositions of the regions are uniform and enriched in 17 O and 18 O relative to 16 O (Fig. 2) . The data seem to be plotted along the slope-1 line (18) rather than the carbonaceous chondrite anhydrous mineral mixing (CCAM) line (2) ( The new-PCP often coexists with troilite (FeS) ( Fig. 2 ) which is considered to be a reaction product between Fe, Ni-metal and H 2 S gas (22, 23) .
Fe + H 2 S = FeS + H 2
(1)
Because new-PCP has the magnetite-like diffraction patterns, magnetite can be used as its proxy. Magnetite can be formed by oxidation of Fe, Ni-metal (22, 24) or troilite.
Oxidation of troilite or metal to form new-PCP would occur below 360K independent on total pressure of the solar nebula ( Fig. 4 ). If the nebular P H2O /P H2 ratio increases from a characteristic value for a gas of solar composition (24) , formation of new-PCP occurs at higher temperature. Although, the complete chemical equilibrium would not be expected in the cool solar nebula (22), the new-PCP would be formed inside the water sublimation front (snowline) of the solar nebula because water vapor is the major oxidant in the solar nebula and the sublimation temperature of water ice is below 200K even in the several-fold H 2 O-enriched nebula (22) .
Alternatively, new-PCP may have been formed by aqueous alteration of metal and troilite on the Acfer 094 parent body, like tochilinite in the aqueously altered CM chondrites (21) . In order to test this hypothesis, we analyzed oxygen isotopic compositions of tochilinite in the CM chondrite Murchison. In contrast to the Acfer 094 new-PCP, oxygen isotopic composition of the Murchison tochilinite is plotted near the terrestrial fractionation line, along the "CM waters" line (26) ( Fig. 3) , that is considered to be a reaction path between aqueous solution and matrix silicates toward the isotope equilibrium (26) . These observations and the lack of mineralogical and petrographical evidence of aqueous alteration of Acfer 094 (27) (26)). Isotopography: analyzed by precise isotopic imaging using isotope microscope (16) . Point SIMS: analyzed by conventional point analysis by SIMS (16) , The data are listed in Table S1 . A Hokudai isotope microscope system (S1) (Cameca ims-1270 + SCAPS;
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originally installed in Tokyo Institute of Technology and now in Hokkaido Univ.
(Hokudai)) has been used to image precise isotope distribution (isotopography) (S2) in the chondrite matrices. A Cs + primary beam of 20 keV was homogeneously irradiated on the sample surface of approximately 80 µm in diameter with a beam current of ~0.3 nA. A normal incident electron gun was used to compensate positive charging of the sputtered region due to the primary beam. We obtained secondary ion images of 12 C -, 13 C -, 12 C -, 27 Al -, 28 Si -, 16 O -, 18 O -, 16 O -, 17 O -, and 16 Osequentially for one analytical sequence. The exposure time was 20 seconds for 12 C -, 1000 seconds for 13 C -, 100 seconds for 27 Al -, 200 seconds for 28 Si -, 20 seconds for 16 Table S1 were calculated from original image without the image processing. Other analytical methods for isotopography were described in detail elsewhere (S1, S2).
A conventional point analysis of secondary ion mass spectrometry (SIMS) has been also applied to determine oxygen isotopic compositions using the Cameca ims-1270. An oval-shaped Cs + ion micro-probe (2.0 × 1.3 µm 2 ) with 20 keV was used. Secondary ions of 16 O --tail, 16 O -, 17 O -, 16 OH -, and 18 Owere measured by an electron multiplier. Terrestrial magnetite and olivine standards were used to normalize secondary ion-ratios to the δ 17,18 O SMOW -values for new-PCP and silicates, respectively. Other analytical procedures were described in detail elsewhere (S3).
Dead time correction of the electron multiplier would introduce an analytical artifact of systematic shift of oxygen isotopic compositions along the slope-1 line of Fig. 3 .
The dead time is estimated to be 16.0±0.5 ns by measurements of Ti isotopes. Because the dead time correction mainly modifies secondary ion intensities of the most dominant oxygen isotope, the count rates and the counting losses estimated by the dead time are shown in Table S2 for each measurement point. All measurements have been carried out similar conditions of secondary ion emission. Estimated counting losses of secondary ion intensities are smaller than oxygen isotopic variations between new-PCP and other phases.
Such dead time corrections are not necessary to consider for the isotopography because the SCAPS is an integral type detector.
An analytical transmission electron microscope (ATEM, JEOL JEM-2010) equipped with EDS (Thermo Electron Noran system SIX) has been used to analyze crystal structure, crystal size, texture and compositions. A sample for ATEM study was directly cut out from the thin section by focused ion beam (FIB) method using SII NanoTechnology SMI3050TB instrument. A film of ~8µm × 8µm × 50 nm was prepared and a 200 keV electron beam was used for the observation. 
